The transmembrane allosteric coupling in the c-type inactivation mechanism of a potassium channel is analyzed using NMR. Activation of KcsA is initiated by a decrease in pH on the intracellular side of the channel. Numerous studies suggest that the selectivity filter is subsequently allosterically affected by opening and that a conformational switch and loss of affinity for potassium ions is the central step of c-type inactivation. We tested this hypothesis using an open pH gate KcsA mutant (H25R/E118A) which is constitutively open and lacks pH-dependent behavior of the activation gate. We present Solid State NMR measurements of this open pH gate mutant at neutral pH and probe its potassium concentration dependence. The potassium binding affinity of the selectivity filter is 81 mM, about 4 orders of magnitude weaker than for the wild type KcsA at neutral pH, but similar to the value for wild type KcsA at low pH. The protonation state of an important glutamate residue (E120) in the pH sensor of the activation gate changes as a function of potassium concentration, indicating that this mutant also exhibits transmembrane allosteric coupling. 
previous studies, our and other groups hypothesized that the 23 site of inactivation is in the selectivity filter, where potassium 24 ions are bound and conducted through the membrane (1, 10-25 12 ) . This mechanism is termed activation-coupled inactiva-26 tion, i.e., and proposes that an allosteric coupling between the 27 selectivity filter and activation gate (like the pH gate in KcsA) 28 lead to a decrease in potassium affinity at the selectivity fil- 29 ter after activation. A direct measurement of the potassium 30 ion affinity at the selectivity filter by solid state nuclear mag-31 netic resonance (SSNMR) was done on KcsA embedded in 32 authentic lipid environment (13) . The result showed that the 33 potassium ion affinity changed from Kapparent = 14 ś 1 mM 34 at pH 3.5 to 4 ś 1 M at pH 7.5. After activating the channel 35 at low pH, the potassium affinity reduction at the selectivity 36 filter essentially leads to ion loss and conformational change 37 at the selectivity filter, which will cause a low level of potas-38 sium ion flow through the channel. This is consistent with 39 the finding via electrophysiology that increasing extracellular 40 potassium ion concentration could decrease the rate of inacti-41 vation (10, 12).
42
To further investigate the allosteric coupling between the pH 43 gate and the selectivity filter, in this study, we aim to affirm 44 this conclusion by showing that a mutation which cause open-45 ing of the pH gate at a neutral pH (a deactivation pH) also 46 leads to a lower affinity at the selectivity filter. We achieved by solution NMR data showing H25 is a pH sensor (18) 
Significance Statement
Opening of the activation gate causes subsequent constriction of the selectivity filter in the potassium channel, KcsA, controlling its mean open time and activity. In this study an open pH gate KcsA mutant was used for solid state NMR studies at neutral pH in bilayers. The potassium binding affinity is weak, providing strong evidence that opening of potassium channels leads to their loosening their grip on the potassium ions at the selectivity filter. 68   69   63  62  61  63  62  61  63  62  61  63  62  61  63  62  61  63  62  61  63  62  61  63  62 KcsA mutant is near these conditions. Also, no intermedi-100 ate NMR lines are present at these conditions, indicating the 101 conformations are in the slow exchange regime, characteristic 102 of a bimodal conformational distribution, which is consistent 103 with previous measurements for wild type KcsA, indicating 104 that these mutations at the pH gate do not have a substan-105 tial change to the dynamics of the structural transition at the 106 selectivity filter (13) .
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107
The NMR spectra showed that the KcsA channels were in the 108 activated and inactivated states, and bound ratio against [K + ] 109 could be fit to a Hill model. From the model fitting Kapparent 110 was extracted (13) . When Vmax is set to 1 and Hill coefficient 111 is set free, the Kapparent of H25R/E118A KcsA was best fit to 112 81 ś 1 mM in contrast with 4 ś 1 M for wild type KcsA at pH 113 7.5 and 14 ś 1 mM for wild type KcsA at pH 3.5 ( Figure 2 ). 114 Details of the Hill fit were shown in Table. S1. An interest-115 ing observation from the titration curve for the H25R&E118A 116 mutant is that the transition from the bound to the unbound 117 D R A F T filter and the pH gate was demonstrated in work (13, (20) (21) (22) (23) (24) (25) .
138
Namely, not only does protonation and opening cause ion loss 139 at the selectivity filter, but also protonation of the pH gate 140 residues E118 and E120 is caused by selectivity filter pinching.
141
In these spectra the peaks for E118 and E120 are congested 142 and unresolved (13, 26) . In the H25R/E118A mutant, we 143 monitored the spectra of E120 during the K + titration pro- (24) . We recently iden-163 tified several participants in this allosteric process using NMR 164 (27) and the results are in good agreement with prior molec-165 ular dynamics and electrophysiology studies (27, 28) . These 166 studies indicate that T74 is one of the important allosteric 167 participants and that a mutation T74S causes a strong re-168 duction in allosteric coupling in KcsA at pH 5.0 and pH 3.5. 169 We reasoned therefore that the T74S/H25R/E118A mutant 170 recovers about 30% of activity suggesting that when chan-171 nels are opened by mutation, the T74S mutation reduces but 172 does not obliterate the allosteric coupling (Figure 4 ). This 173 result provides further support for the hypothesis that the 174 H25R/E118A mutant has an open pH gate at neutral pH, and 175 also supports our former hypothesis that T74 is important 176 for allosteric coupling between the pH gate and the selectiv-177 ity filter inactivation switch. The fact that E71A essentially 178 abolishes allosteric coupling when coupled to the wild type 179 pH sensor, whereas the T74S/H25R/E118A triple mutant par-180 tially inactivates suggests that these mutations in the pH gate 181 causes subtle differences in the energetics of selectivity filter 182 compared to the protonated wild type. It is interesting to 183 speculate that, lacking the restraint of the hydrogen bonding 184 network present in the wild type, the mutant may open to a 185 greater degree and thereby encourage inactivation. with constitutively open pH gate under physiological pH con-217 dition effectively eliminates this problem. The four orders of 218 magnitude reduction on potassium affinity at the selectivity 219 filter for H25R/E118A KcsA at neutral pH (81 mM vs. 6M) 220 clears out our initial concern that the large affinity observed 221 in the wild type KcsA at different pH is an artifact due to 222 detrimental effect of low pH on the lipid or protein.
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Our titration study shed light on allosteric coupling interac-224 tions in the inactivation process. It confirms that opening 225 the pH gate, even though does not directly affect the bound 226 and apo structures of the selectivity filter, significantly affect 227 the populations of the two conformations, and biases the apo 228 conformation. Since the pH gate and the selectivity filter 229 is almost 30 Å away, such a dramatic effect is presumably 230 through an allosteric coupling effect. We notice that exper-231 imental results from isothermal titration calorimetry (ITC) 232 study on a similar mutant H25R/E118A/E120A with trun-233 cated C-terminus in a detergent environment show that the 234 affinity for K + at pH 8 is 0.13 mM, close to the apparent 235 potassium affinity value 0.15 mM for wild type KcsA in their 236 measurement (39) . We attribute this inconsistency mostly to 237 the usage of detergent in the experiment, which could poten-238 tially affect the structure and functions of membrane protein, 239 as shown in study of KcsA and many other systems (1, 40) . 240 Truncation of the C-terminus certainly changes the thermody-241 namics properties of the channel; in electrophysiology experi-242 ment, KcsA with truncated C-terminus showed a more rapid 243 and complete inactivation (29, 41 ). Therefore we believe solid 244 state NMR measurement of full length KcsA with an environ-245 ment of no detergent could better illustrate properties of the 246 channel under near-physiological condition.
247
The potassium channel two-state conformation change dur-248 ing the inactivation process was characterized by two sets 249 of chemical shifts at various potassium concentrations. The 250 potassium affinity of the open pH mutant is in the same or-251 der of magnitude as the affinity of wild type KcsA channel 252 under acidic condition. This result further confirms our al-253 lostery hypothesis, in C-type inactivation an open pH gate 254 would strongly bias the selectivity filter towards the collapsed 255 conformation. The pKa of the E120 at the intracellular pH 256 gate was also shown to be under the influence of potassium 257 ion binding at the selectivity filter, which provides additional 258 evidence for an allosteric coupling network. 
259
Materials and Methods
321
We calculated the population of the bound and apo states by inte- was added into the liposome, and the mixture were incubated un-349 der room temperature for 30 mins. Bio-beads column was used to 350 get rid of the detergent, and the proteoliposomes were eluted at 8 351 ml and frozen in liquid nitrogen.
352
Electrophysiology experiments were carried out with a partition di-353 ameter of 100 m. The lower chamber bath pH was at 4 
